, which are present in unstressed mouse L cells in the absence of detectable hsp68 gene expression. After heat shock, the rapid rate of de novo hsp68 synthesis is a consequence of the new high steady-state concentration of hsp68 mRNA.
All organisms examined to date synthesize new proteins in response to heat shock or other forms of stress. A common feature of this response is the induced synthesis of a protein in the range of Mr 70,000 (hsp70). Kelley and Schlesinger (1) have demonstrated immunological crossreactivity between anti-chicken hsp70 and yeast, slime mold, dinoflagelate, nematode, Drosophila, Xenopus, mouse, and human heat shock proteins of similar sizes. We have shown that the mouse genome contains multiple copies of a sequence related to the Drosophila hsp70 gene (2) and that the restriction fragments carrying the homologous sequences (>70% sequence similarity) contain the gene(s) encoding the major mouse heat shock protein, hsp68 (3) . In yeast, Ignolia et al. (4) have shown that the hsp70 genes share significant sequence homology with the Drosophila hsp70 genes. These results establish the selective conservation of at least one stress-inducible gene throughout eukaryotic evolution. The induction of homologous proteins by the same stress in different organisms implies that these proteins are functionally related in terms of their cellular role in the homeostatic response to environmental stress.
Unstressed Drosophila, Xenopus, mouse, and human cells all contain some antigen that crossreacts with anti-chicken hsp70 (1). It is not clear whether this reflects the low-level synthesis of heat-inducible protein or the presence of related but distinct protein that crossreacts with the antibody.
In unstressed Drosophila cells there are normally very few transcripts of the inducible hsp70 genes and no hsp70 is detected. However, Drosophila cells do contain genes, termed cognate genes (hsc70), whose sequence is at least partially related to the inducible hsp70 genes, and RNA homologous to the 5' end of these genes is present in unstressed cells (5 (6) .
Blot Analysis of RNA. RNA was extracted from mouse L cells and SN-2 cells with phenol/NaDodSO4 (7), and poly(A)+ RNA was purified (8) . Poly(A)+ RNA was electrophoresed through a 1.5% agarose/6% formaldehyde gel (9) and blotted to nitrocellulose (BA85 Schleicher & Schuell) in 1.5 M NaCI/0.15 M trisodium citrate (Cit) (10) . The probe was a 2.2-kilobase (kb) Drosophila hsp7Q gene Sal I fragment isolated from the hybrid plasmid 56H8 (11) and subcloned into pBR322 (plasmid pRN301). The Sal I fragment was purified by centrifugation of digested pRN301 through a 5-20% sucrose gradient, and the isolated fragment was labeled with 32p by nick-translation (2, 12) . Blots were prehybridized (without glycine) and hybridized as described (13) kb, kilobase(s).
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Gel Electrophoresis of Proteins. Samples of labeled proteins were analyzed by electrophoresis through 10% NaDod-S04/polyacrylamide slab gels (20, 21) . Gels were stained with Coomassie blue and dried for autoradiography. For fluorography, gels were impregnated with 2,5-diphenyloxazole before drying (22) . For comparative two-dimensional analysis (pH range, 5-7) (23), samples were vacuum dried and resuspended in 20 ,ul of O'Farrell's lysis buffer (23) to give a maximal final NaDodSO4 concentration of 0.5% (24) . Twodimensional analysis was in the Pharmacia GE-4 apparatus.
RESULTS
Heat Shock Protein Induction. The autoradiogram shown in Fig. 1A compares the proteins that have been pulse labeled in untreated cells (C) with those labeled in cells during the third hour after a 10-min heat shock treatment (HS) at 44°C. The general profile of proteins synthesized in unstressed and stressed cells is very similar, except that a protein of Mr 68,000 (hsp68), one of the most intensely labeled proteins from the heat-shocked cells, is not synthesized in unstressed cells. The rapid rate of synthesis of hsp68 after heat shock allows it to be visualized by staining within 3 hr of induction (Fig. 1B, HS . (Fig. 2 A and B, lanes 1 and 2) and shows the induction of hsp70 mRNA by heat shock. Only 50 ng of Drosophila poly(A)+ RNA was loaded onto the gels used in these blots to give a comparable intensity of probe hybridization to Drosophila and mouse hsp mRNAs, and this results in very little probe hybridization to homologous sequences in control Drosophila RNA, as shown ( Fig. 2 A and B , lane 2).
The filter in Fig. 2A Fig. 2A, lanes 3 and 4) . This inducible RNA can be assigned to hsp68 (3) . Additionally, in unstressed mouse cells there are two RNAs of -2.5 and :1.9 kb in size, RNAs "b" and "c" respectively, which hybridize to the Drosophila hsp7o gene probe (Fig. 2A, lane 4) .
Lower stringency hybridization to RNA transfer blots reveals two additional bands. The high molecular weight RNA species in Fig. 2B , lanes 3 and 4, is due to nonspecific probe binding to 28S rRNA contamination of the poly(A)+ RNA, but band "d" is due to specific hybridization to a 1.6-kb RNA present in both heat shock and control mouse RNA samples (Fig. 2B, lanes 3 and 4) . The Proc. NatL Acad Sci. USA 81 (1984) Proc. NatL Acad. Sci. USA 81 (1984) 2319 high specific activity probe (>108 cpm/gg) such as that used in these experiments, the limit of detection is around 50 pg of a specific RNA sequence (26 (2) . At least part of these sequences encode the major mouse heat shock protein hsp68 (3). To determine whether mouse RNAs b and c (Fig. 2) correspond to additional proteins homologous to hsp68, we performed a heterologous hybridization selection experiment at low stringency. Fig. 3, lanes 1 and 2, 4) are on the left. three proteins from heat shock RNA (Fig. 3, lane 4) . The proteins synthesized from hybrid-selected control mouse RNA have the same one-dimensional mobility as two abundant proteins of Mrs 74,000 and 70,000 that are present in unstressed mouse L cells. We refer to these heat shock cognate proteins as hsc70 and hsc74. The proteins made in vitro from hybrid-selected heat shock RNA correspond to hsc74, hsc70, and hsp68 (Fig. 3, lane 4) . Fig. 3 , lane 5, is a positive control showing the hybrid selection in vitro translation product (hsp70) from Drosophila heat shock RNA, and lane 6 is the minus RNA in vitro translation control.
These data show that the mouse genomic sequences homologous to the Drosophila hsp70 gene are expressed to produce different but related proteins and suggest that there is a family of homologous genes encoding these proteins.
Two-Dimensional Analysis of Proteins. Comparative twodimensional gel electrophoresis of L-[35S]methionine-labeled proteins was performed to identify the hsc and hsp proteins and to determine if these proteins are distinct polypeptides. Isoelectric focusing was in the pH range of 5-7, with the acidic proteins on the left of the autoradiograms shown in Fig. 4 . The two-dimensional pattern of labeled proteins synthesized in control (C) and heat-shocked (HS) mouse L cells is shown in Fig. 4A . The arrows indicate two abundant proteins of Mrs 70,000 and 74,000 (more acidic) found in the control and heat shock samples. The arrowhead indicates the induced hsp68 along with several more basic isoelectric point variants (Fig. 4A, HS) . This region of the gel is devoid of labeled protein in the sample from control cells. Fig. 4B shows the reticulocyte lysate in vitro translation products from control (C) and heat shock (HS) mouse mRNA populations. The same relative mobilities of the abundant proteins of Mrs 70,000 and 74,000 are observed in relation to hsp68.
Microheterogeneity in two dimensions is characteristic of the major heat shock protein in several species, and we observe here qualitatively the same microheterogeneity in hsp68 proteins synthesized in cells or in vitro (compare HS in Fig. 4 A and B) .
The hybrid selection in vitro translation products shown in Fig. 3 , lanes 3 and 4, were analyzed in two dimensions (Fig.  4C, C and HS) . The arrows indicate the more acidic hsc74 on the left and hsc70, both of which have the same relative mobility compared to the labeled proteins from cells and in vitro translations. The arrowhead in Fig. 4C , HS, indicates hsp68 along with the more basic isoelectric point variants. This two-dimensional analysis identifies hsc74 and hsc70 as distinct polypeptides. The induced hsp68 displays isoelectric point microheterogeneity and has a pI similar to hsc70.
DISCUSSION
The structure of the major stress-induced protein (hsp7o) has been highly conserved throughout evolution, as shown by the cross-reaction of antibody to chicken hsp7o with similar proteins from yeasts, slime molds, insects, and mammals (1). The yeast and mouse genomes contain sequences related to the Drosophila hsp70 gene (2) and the homologous mouse sequences have been shown to encode the mouse hsp68 (3).
In the experiments reported here we have utilized a probe consisting of the amino acid coding region of the Drosophila hsp7o gene to extend the observation of evolutionary conservation of mouse hsp68 to a set of related proteins synthesized in unstressed cells. Corces et al. (27) also observed homologous mouse RNAs in noninduced cells.
The hsc70 and hsc74 proteins are not induced de novo by heat shock and are abundant components of normal mouse cells, as seen by one-and two-dimensional polyacrylamide gel electrophoresis. Two-dimensional analysis shows that hsc70 and hsc74 are distinct proteins in contrast to the several isoelectric point variants of hsp68. In some mammalian systems, published data (28, 29) suggest that the rate of synBiochemistry: Lowe and Moran thesis of a protein that could be hsc70 is increased following heat shock. In our experiments with L cells in culture (see Materials and Methods) we usually do not detect obvious changes in the rate of synthesis of hsc70 following heat shock (see Fig. 1 ). However, a comparison of the proteins synthesized in vitro from control and heat shock mouse RNAs does show an increase in the rate of hsc70 synthesis (compare Fig. 3, lanes 1 and 2) . This difference is also reflected in the hybrid selection experiments (compare Fig. 3,  lanes 3 and 4; Fig. 4C, C and HS) . This may be a reflection of an increased abundance of hsc70 mRNA in heat shocked cells, but whether this is due to an increased rate of transcription of the relevant hsc70 gene or an increase in stability of the RNA remains to be determined.
Other genes related to the hsp70 gene, termed "cognate genes," have been identified in Drosophila; they are transcribed in unstressed cells and transcription is not increased by heat shock (5) . It has not been demonstrated that the cognate genes actually give rise to a protein product, although it has been known for some time that there are several hsp70-related proteins present in Drosophila cells (30, 31 Fig. 4B , but whose protein product we have not identified. The different members of this gene family show varying degrees of relatedness and display a marked difference in the regulation of their expression. We suggest that this difference will be reflected in the structure of the upstream control elements of these genes. Molecular cloning and characterization of these mouse genes will allow determination of the evolutionary relationship between the structural and regulatory sequences of the cognate and inducible genes. Recent information from a cDNA cloning experiment indicates that the 3' 1500 nucleotides of hsp68 mRNA are <67% related to the mRNAs for hsc70 and hsc74 (unpublished data). This suggests that the hsp68 and hsc proteins have an uneven distribution of related nucleotide sequence. We have also determined that band a (see Fig.  2 ) consists of at least four different transcripts of similar size.
So far no biochemical role has been assigned to any of the heat shock proteins. However, a direct correlation does exist between the induction of heat shock proteins and the induction of thermotolerance in yeast (34) , Dictyostelium (35) , Drosophila (36) , and Chinese hamster fibroblasts (37) . In mammalian and avian cells, hsp70 has been identified in association with brain microtubules, tissue culture cell intermediate filaments, and myofibrils (38) . hsp70 has also been found in immunoprecipitates of a M, 90,000 cell surface glycoprotein from NIH 3T3 cells (39) . The data from studies with Drosophila species suggest that hsp70 is associated with chromatin following a heat shock (40) (41) (42) , although a substantial portion may be found at the cell surface (42 
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